A variety of wall shear stress (WSS) based hemodynamic descriptors have been defined over the years to study hemodynamic flow instabilities as potential indicators or prognosticators of endothelial wall dysfunction. Generally, these hemodynamic indicators have been calculated numerically using 'single phase' approach. In single phase models, the flow-dependent cell interactions and their transport are usually neglected by treating blood as a single phase non-Newtonian fluid. In the present investigation, a multiphase mixture-theory model is used to define the motion of red blood cells (RBCs) in blood plasma and interactions between these two-components. The multiphase mixture theory model exhibited good agreement with the experimental results and performed better than non-Newtonian single phase model. The mixture-theory model is then applied to simulate pulsatile blood flow through four idealized coronary artery models having different degrees of stenosis (DOS) severities viz., 30, 50, 70 and 85% diameter reduction stenosis. The maximum WSS is seen at the stenosis throat in all the cases and maximum oscillatory shear index (OSI) is seen in downstream region of the stenosis. Our findings suggest that for degree of coronary stenosis more than 50%, a more disturbed fluid dynamics is observed downstream of stenosis. This could lead to further progression of stenosis and may promote a higher risk of atherogenesis and plaque buildup in the flow-disturbed area. The potential atherosclerotic lesion sites were identified based on clinically relevant values of WSS, timeaveraged WSS gradient (TAWSSG), time-averaged WSS (TAWSS), and OSI. Finally, the change in potential atherosclerotic lesion sites with respect to DOS has been quantified.
INTRODUCTION
Atherosclerosis is considered to be an endothelial disease which is generally found in medium and large sized arteries. This causes the narrowing of arteries which hinders the blood flow to the tissues (Nichols and O'Rourke 2005) . In coronary arteries, the hemodynamic changes due to the presence of plaque buildup are correlated with higher risk of adverse clinical outcome. One substantial implication revealed from recent studies (Malek et al. 1999; Chatzizisis et al. 2007) states that regional wall shear stress (WSS) plays a key and fundamental role in the localization of atherosclerosis and in particular, low and oscillatory WSS (0.5 Pa) has been correlated to region of localization of atherosclerosis and the magnitude of low WSS been associated with the severity of atherosclerosis.
Oscillatory shear index (OSI) which is another WSS based hemodynamics parameter is used as a predictor for the atherosclerosis plaque formation and susceptibility of plaque in coronary arteries (Zhang et al. 2008; Ryou et al. 2012) . High OSI value is strongly related to the development of atherosclerosis since it affects the endothelial cells arrangement in adjacent tissues. Also, high OSI value regions are generally located in the low WSS regions [Stadler et al. 1990; Ryou et al. 2012] .
Hitherto, most of the hemodynamics studies have used computational fluid dynamics (CFD) techniques to better understand the various hemodynamic descriptors by considering blood as a single-phase Newtonian (He and Ku 1996; Berthier et al. 2002; Zeng et al. 2003; Hoi et al. 2004; Hasan and Das 2008; Aayani et al. 2016; Mesri et al. 2017 ) and non-Newtonian fluid (Gijsen et al. 1999; Steinman 2002; Razavi et al. 2011; Li et al. 2015; Yan et al. 2017) . However, the blood is intrinsically a suspension of RBCs, WBCs, platelets and other lipoproteins in blood plasma. Several experimental studies (Haynes 1960; Reinke et al. 1987; Stadler et al. 1990; Egorov et al. 1994) have observed the dense granular nature of blood and its heterogeneous distribution and concluded that simulation of blood requires a multiphase approach/model to explain clearly the interaction of blood particulates with the lumen surface and its complex behavior. In single-phase studies, the details of blood cells transport and their interactions with varying percentage of stenosis severities were missing. Therefore, a good multiphase approach considering the blood cell transport and their interactions is essential for better understanding the underlying pathology and pathological development of coronary artery disease (CAD).
A large number of research articles have been published typically wherein one of the two multicomponent theories: the Mixture Theory (Rajagopal et al. 1992) and averaging methods (Ishii and Hibiki 2010) have been used. The approach of both theories is based on an assumption that each phase may be represented mathematically as a continuum (Kizilova et al. 2012) . Although the approaches of both the theories look similar, their formulations of constitutive models are completely different. Indeed, many researchers have been reported that the interaction models used in averaging methods are not frame-indifferent, hence it violating the fundamentals of physics as revealed by Massoudi (Massoudi 2002) . Generally, the drag models used along with the averaging methods holds good only for fluid particles or solid spherical particles which are in low concentration and sufficiently small in size. Hence, in this study, we use the theory of interacting continua or mixture theory to model the blood consisting of two-phase mixture (i.e., plasma and RBCs).
The effects of the platelets, WBCs and other components in the blood are neglected owing to their negligible volume concentration. The effect of mass or biochemical inter conversions are not considered in this study. The RBC's volume fraction is considered as a scalar field variable. In addition, we assumed that the plasma acts as a Newtonian fluid and RBCs were considered as solid spherical particles with its viscosity dependent on the hematocrit and local shear rate. Plasma-RBC interaction forces are considered by implementing the drag and lift forces.
To date, according to the best knowledge of the authors, only limited research has been done on studying clinically relevant WSS based hemodynamic indicators considering blood as multi-component fluid and there is no published data on the effect of stenosis severity in the coronary artery considering blood as multiphase fluid. Hence, the present computational study was set up to assess the influence of different degrees of stenosis (DOS) severities such as 30%, 50%, 70% and 85% stenosis on WSS based hemodynamic parameters such as TAWSS, TAWSSG and OSI using multiphase approach. Finally, the relationships between the bulk flow hemodynamics and various WSS-based-hemodynamic descriptors have been established. The current multiphase mixture model has been compared with single phase model and validated with experimental studies.
MATERIALS AND METHODS

Geometry Representation and Computational Mesh Generation
In the present multiphase blood flow modelling an ideal arterial geometry model with varying DOS severity has been considered. Figure 1 shows the blood vessel model (with dimensions) including its stenosis as a three-dimensional (3D) axisymmetric straight tube for the numerical blood flow analysis. The geometry of stenosis is defined by the cosine function:
Where, x and r are the axial and radial coordinates, respectively. R and D, respectively correspond to the radius and diameter of un-stenosed vessel. The c  is a constant and takes the value of 0.70, 0.50, 0.30 and 0.15 resulting in 30%, 50%, 70% and 85% of diameter reduction at the stenosis throat as shown in Fig. 2 . The length of the stenosed zone, inlet zone and outlet zone is 8mm (2D), 56mm (14D) and 116mm (29D), respectively and combining all lengths gives a total length of 180 mm. The selected coronary artery geometry had a 4 mm of lumen diameter which is typical of left main coronary artery (Nosovitsky et al. 1997) .
The computer-aided design software GAMBIT 2.4.6 (FLUENT, ANSYS, Canonsburg, PA, USA) is used for the generation of 3D idealized geometries and the grid. For generation of unstructured tetrahedral mesh with variable mesh spacing a robust scheme was adapted to signify the rapidly and small varying features in the stenosis region. The final grid contains 389180 elements as shown in Fig. 3 . 
Multiphase Blood Flow Model
Developments in the field of CFD have imparted the basis for garnering further insight into the multiphase flow dynamics. In the present study, the theory of interacting continua is used to study the hemodynamics in an idealized coronary artery since it has better accuracy compared to the Euler-Euler method. The mixture theory model solves the conservation of mass, momentum and energy equation for the mixture. In addition, for the secondary phases it solves volume fraction (hematocrit) equations and for the relative velocities it solves the set of algebraic equations which are also presented in below.
Continuity Equation
Using the mixture theory model the continuity equation is given as For different phases, the sum of all the hematocrits must be equal to 1:
Momentum Equation
The summation of individual momentum equations for all the phases is used to obtain the momentum equation for the mixture "Eq. (6)".
Where, n , F  
And , dr k v  -secondary phase (k) drift velocity:
The drift velocity is active when any one of the two phases is present in particle form. Due to the minimal influence of buoyancy force and external force (rotational, shear lift, and virtual mass) on blood they are neglected in momentum equations.
Slip and Drift Velocity
The secondary phase (p) velocity relative to the primary phase velocity (q) is called as the slip velocity. It is expressed as:
Also, for any phase (k) the mass fraction ( k c ) is expressed as: 
The relative velocity ( pq v  ) is given by (Manninen et al. 1996) , 
Constitutive Model
The strain rate tensor  and viscous stress tensor  are considered to represent the constitutive model. It is expressed as:
The significance of  and  , are expressed by  and , respectively and is expressed s:
Where, v   , v  and  is respectively denotes the velocity-gradient tensor, velocity vector and second invariant of a stress tensor, whereas, the superscript T represents its transpose. For the viscous fluid the constitutive behavior is expressed by
Where,  is the dynamic viscosity of blood.
In general, the rheological properties of blood are complex in small arteries because of its strong nonNewtonian behavior such as viscoelasticity, shearthinning, and thixotropic (Oka 1981 ) and the time dependent viscosity of blood is determined by the aggregation and disaggregation of particles (RBCs). In the present study, the viscosity is considered as a function of shear rate and hematocrit (Quemada 1981) .
To account the blood non-Newtonian behavior, Quemada viscosity model is used in this study (Quemada 1977; Quemada 1978) . Compared to the different non-Newtonian models, the Quemada viscosity model is exclusively reliant on the RBC's hematocrit and local shear rate and holds good for broader range of shear rates during each cardiac cycle from end-diastole (low shear) to peak systole (high shear). The change in RBC volume fraction cannot be calculated directly using single phase models. This is one added advantage of the present model over traditional single phase models. Also, the distribution and time evolution of RBC's is correlated to the blood flow field through dynamic shear viscosity and defined as
Where plasma  = 0.00132 Pa s (Lowe et al. 1993; Caro 2012 
Boundary Conditions
A transient simulation was carried out using fluid and rheological properties of blood. The volume inflow velocity profile were used as velocity inlet boundary conditions obtained from Berne and Levy (Berne and Levy 1967) and shown in Fig. 4 . At inlet, a fully developed time-dependent velocity profile is considered and used in ANSYS Fluent as a C language user-defined function (UDF) code and coupled to the CFD code. Maximum Reynolds numbers of 410 is attained based on artery diameter at the inlet during maximum flow at beginning of diastole. The stenosis and blood-vessels were assumed to be rigid and the flow of blood was assumed to be laminar. The outflow and no-slip conditions were applied to outlet and wall boundary conditions respectively.
Numerical Scheme
With appropriate inlet and outlet boundary conditions, an ANSYS FLUENT 14.5 [ANSYS Inc., Canonsburg, PA, USA] with multiphase mixture model was employed to solve the coupled nonlinear PDE (partial differential equation) of blood flow. For pressurevelocity coupling the coupled scheme was employed.
A coupled solver with first-order and second-order upwind schemes was used for spatial discretization of volume fraction and momentum terms respectively. Figure 4 shows the pulsatile phasic inflow velocity profile used at inlet boundary conditions for plasma and RBCs. In this study, 1025 kg/m 3 and 1100 kg/m 3 were chosen as the density of plasma and RBCs respectively (Bronzino 1999 : Caro 2012 . At the artery inlet cross section uniform velocity profiles were maintained. The zero slip velocity was applied as wall boundary condition for both plasma and RBC's. The volume fraction of RBC is maintained steady and uniform with 45% at the inlet. The particles of RBCs were assumed to be spherical with 8m as average diameter and a shape factor of  =1.
The simulations were carried out with a maximum residual corresponding to the convergence flow of 10 -3 . Also, constant time step of 0.001s was chosen with 200 iterations for each time-step. To ensure the periodicity, the simulations were carried out for four pulsatile cycles and the analysis was carried out for the third cycle. Reynolds number and Womersley parameter, respectively found to be 737 and 3.2. The mean Reynolds number ( e R ) and Womersley parameter 
WSS Based Hemodynamic Descriptors
The various WSS based hemodynamic descriptors are calculated by using the stated equations below. The WSS is a biomechanical parameter, producing a tangential force on the vascular endothelial cell surface and near the wall it is a function of the velocity gradient and regulates the arterial wall remodeling. The WSS is given by
Time-Averaged Wall Shear Stress
It is the averaged WSS over one pulsatile cycle, used to determine the shear stress magnitude applied on the vascular wall surface during one pulsatile cycle. It is given as
The value of TAWSS < 0.4 Pa endorses an atherogenic endothelial phenotype, whereas the values with high TAWSS (15-45 Pa) are known to thrombogenic (Malek et al. 1999) . The high values of TAWSS can lead to damage of endothelial cells (Suess et al. 2016 ).
Time-Averaged Wall Shear Stress Gradient
It is a transient fluid flow property, correlated to the wall of the artery throughout a pulsatile cycle. Speedy changes of WSS over small spaces are measured by TAWSSG and is defined as
Oscillatory Shear Index
It is a hemodynamic descriptor used to measure the WSS directional change during one pulsatile cycle. The OSI value falls between the ranges of 0 and 0.5, corresponding to least and severe temporal shear rate conditions respectively. It is given by
OSI is generally used to describe the flow field disorder near the wall and high OSI (near 0.5) highlights the possible atherosclerosis prone regions (He and Ku 1996) .
Model Validation
Blood Flow and Velocity Distribution Study
To demonstrate the accuracy of the multiphase mixture model, an initial blood flow simulation was performed in a rectangular microchannel (Patrick et al. 2011) as shown in Fig. 5 with 45% of RBCs hematocrit. The inlet velocity was given as 350 µm/s and the inlet RBC volume fraction was 0.45. Numerical results using single phase and multiphase mixture model were obtained for RBC velocity distribution under fully developed steady flow conditions and presented in Fig. 6 along with experimental data.
From Fig. 6 it is evident that the multiphase mixture model predicted the velocity profiles at different downstream locations in the microchannel better than single phase model. Whereas there is a slight discrepancies in results between the numerical simulation and experimental data, this is mainly due to the flexibility of RBCs, wall porosity and the flexibility of blood vessels which has been ignored in the present study. The percentage error between predicted peak velocities and the experimental values is quantified in Table 1 . It is observed that the percentage error in calculated maximum peak velocity reduced significantly for the multiphase model when compared error using single phase model. Hence, in the present study multiphase mixture theory model is employed for blood flow simulations in idealized stenosed coronary arteries with varying DOS severities.
Model Verification
Apart from the validation, model verification process is used to confirm the numerical results. It includes the analysis of various input parameters applied to the computational model.
Grid Independence Study
The grid independence study has been carried out with four tetrahedral meshes for the fluid domain geometry of the idealized coronary artery model with mesh elements 230659, 286142, 389180 and 445680. The mesh independence study was performed with steady state boundary conditions using the laminar blood flow model by monitoring the axial velocity profile of the model at different axial locations before the stenosis (i.e., 1D and 2D) as seen in Fig. 7 .
It can be perceived from the axial velocity profiles plot, meshes with 286142 and 389180 elements are following the same velocity profile trend of finest mesh elements 445680. Hence, the model with 389180 mesh elements was considered for further numerical analysis which reduces the calculation time without negotiating accuracy of the results. Also, the same number of mesh elements is adopted for all stenosed artery models. 
RESULTS
The demonstration of numerical results emphasizes on multiphase blood flow through idealized straight coronary arteries with different DOS severities. All results were obtained for peak flow at the onset of diastole when the blood velocity reaches maximum at inlet for one cardiac cycle. A detailed numerical analysis of WSS based hemodynamic descriptors distribution such as TAWSS, TAWSSG and OSI over the artery wall has been calculated for different DOS severities.
Distribution of WSS and WSS based Hemodynamic Descriptors
In various blood flow studies, it has been revealed that distribution of high OSI and low WSS are strongly correlated with the crucial spots of atheroma (He and Ku 1996) . Furthermore, the wall permeability is enhanced and atherosclerotic locations spread to sites where the WSS gradients (WSSG) are large (DePaola et al. 1992 ) and amalgamation of high WSS and high exposure times for blood particles can leads to platelets activation (Ramstack et al. 1979; Hellums 1994; Hosseinzadegan and Tafti 2017) . Hence, in this multiphase non-Newtonian blood flow study, the spatial distributions of WSS based hemodynamic descriptors, including WSS, TAWSS, TAWSSG (Buchanan et al. 2003; Ellwein et al. 2011; Ryou et al. 2012) , and OSI (He and Ku 1996) , is calculated according to Eq. (29-32), respectively, and compared the same for different DOS severities in idealized human coronary artery. Figure 8 illustrates the effect of DOS severity on the WSS distributions. Though the peak WSS changes from 0 to several hundreds of Pascal for all the DOS cases it is believed that the neointimal growth risk is higher when the luminal surface subjected to lower WSS than the physiological levels of WSS (<1.5 Pa) (Malek et al. 1999; LaDisa et al. 2005) . Hence, in Fig. 8 WSS is plotted for a range of 0-1.5 Pa in order to study the change in clinically relevant sites for various DOS. Comparing the WSS contour plots between different DOS models in Fig. 8 the stenosis formation had a noticeable influence on the WSS distributions. Especially large areas of the low WSS endothelial surface are visible in the distal section of the stenosis which is mainly due to low velocity in that region. Also, it is seen that the low WSS (<1.5 Pa) sites in post stenosis region increases for 30% stenosis to 70% stenosis, whereas it decreases for 85% stenosis models.
WSS Distributions in Stenosed Arteries
TAWSS Distributions in Stenosed Arteries
For analyzing the hemodynamics in the artery TAWSS is averaged over one pulsatile cycle. Figure  9 illustrates the effect of DOS severities on the TAWSS distributions. The TAWSS sites where the values are ≥10 Pa are shown in red colour. These sites are of clinical relevance as high values of TAWSS (≥10 Pa) can lead to the damage of endothelial cells (Suess et al. 2016) . Hence, in Fig.  9 TAWSS is plotted for a range of 0-10 Pa in order to study the change in clinically relevant sites for various DOS. The low TAWSS is associated with low velocity and subsequently a more likely occurrence of particle immobility. The TAWSS is high (≥10 Pa) in the stenosis region for 30% and 50% stenosis models whereas for 70% and 85% stenosis models the TAWSS high (≥10 Pa) regions are observed both in stenosis and distal region. Further, as the DOS severity increases TAWSS consistently increases both in stenosis throat and downstream regions.
TAWSSG Distributions in Stenosed Arteries
The TAWSSG is a transient blood flow property, correlated to the wall of the artery. Speedy WSS changes over short distances are measured by the TAWSSG. Figure 10 
OSI Distributions in Stenosed Arteries
The OSI is a WSS based dimensionless hemodynamic parameter that provides a measure of the oscillating nature of WSS. Figure 11 depicts the distribution of OSI contours predicted on the artery luminal surface for different DOS severity models over one pulsatile period. It is believed that the neointimal growth risk is higher when the luminal surface endangered to higher OSI than the physiological levels of OSI (>0.3) and hence susceptible to atherogenesis and endothelial dysfunction (Ku et al. 1985; Davies 1995; Thury et al. 2002) . In Fig. 11 , OSI contours were plotted for a range of 0-0.3 Pa in order to study the change in clinically relevant sites for various DOS. The higher OSI values were predicted in the distal region of the stenosis and in downstream region of the stenosis for all DOS severity models.
The maximum and average values of WSS and WSS based hemodynamic descriptors and their percentage increase from the baseline value of 30% DOS were tabulated in Table 2 and 3 respectively. A relatively high positive correlation was observed in maximum and average values of WSS, TAWSS and TAWSSG with DOS and the indicators value increases as the DOS severity increase. However, the OSI indicator is relatively less affected by the DOS.
DISCUSSIONS
The present multiphase blood flow study demonstrated that the presence of different DOS severities in coronary arteries produces a synergistic effect on the subsequent WSS and WSS based hemodynamic descriptor's distribution. The variation in the lumen surface area of potential atherosclerotic lesion sites based on WSS, TAWSS, TAWSSG and OSI indicators were studied using their corresponding clinically proven threshold values above or below which endothelial pathological response is induced. The changes in WSS based hemodynamic indicators with respect to DOS were quantified. This is clinically significant as these hemodynamic changes will contribute to further atherosclerotic progress in the coronary artery, leading to potential damage to the arterial wall.
Healthy WSS levels for arteries were reported to vary between 2 to 16 Pa (Cheng et al. 2007) . The WSS as low as 1.5 Pa (Malek et al. 1999 ) triggers a biological inflammatory process which leads to the development of atheromatous plaque. From Fig. 11 , it is observed that WSS regions having less than 1.5 Pa increases with DOS up to 70% and reduces drastically for 85% DOS. This may be due to the fact that blood flow through 85% stenosis behaves like a strong jet with high velocity after the stenosis and hence high WSS.
For DOS 30% and 50% endothelial surface sites where TAWSS ≥10 Pa were found to occur only in the proximal region of stenosis as a result of protuberance of the plaque which leads to the effective flow area reduction (c.f. Fig. 9 ). The endothelium surface experiencing TAWSS ≥10 Pa spreads to distal regions of the stenosis for DOS greater than 50%. Hence, damage to endothelial cells in the distal regions likely to occur only when DOS severity increases beyond 50%. Also, higher levels of TAWSS is naturally expected when the fluid flow is maximum i.e., at the cycle systole, where maximum amount of fluid flows through the artery.
In the stenosed artery region as the area of cross section reduces the peak fluid velocity increases.
TAWSSG is a strong function of peak velocity at the center of the artery cross section hence, pathological levels of TAWSSG (>200 Pa m -1 ) were observed only around the stenosis throat region (Fig. 10) . It is interesting to note that adverse clinical outcomes such as intimal hyperplasia and accelerated platelet activation linked with TAWSSG >200 Pa m -1 indicator value is likely to occur for DOS ≥50% and more likely to occur at the throat than anywhere in the stenosis.
The OSI is used to measure the oscillating nature and the cyclic departure of WSS magnitudes from its main flow direction. The regions with high OSI value experiences severe stretching and compression of endothelial wall which quickens the rupture of plaque and cause sufficient endothelial cells damage. Comparing the OSI contours (Fig. 11) , it is clear that the regions of the arterial wall surface subjected to higher physiological value (OSI >0.3) steadily increases with increase in DOS. Also, the length of the artery distal section affected by OSI above 0.3 consistently increases with DOS severity.
The percentage change in maximum and average values of WSS, TAWSS, TAWSSG and OSI with Table 2 and 3. It is observed that the values increase almost linearly up to DOS 50% and exponentially with DOS beyond 50% DOS. Though potential atherosclerotic sites increase steadily with DOS in general, the increase is exponential with respect to DOS beyond 50%. It is also observed that the maximum value of OSI does not vary with DOS whereas the average value of OSI changes linearly up to 70% DOS and remains unaffected above 70% DOS. This is due to the fact that OSI is strongly dependent on flow pulsatility and turbulence generated. In the present study flow pulsatility is kept constant for all the DOS severities.
Limitations of the Study
In present study, the idealized coronary artery model with DOS severities were analyzed quantitatively in terms of WSS based hemodynamic descriptors. This model also approaches with an assumption that the blood behaves as a mixture of blood borne particulates and that mixture is considered to be continuum. The present study considers laminar blood flow through a noncompliant artery instead of turbulent flow, as a latest study by Mahalingam et al. (Mahalingam et al. 2016) showed that in 70% stenosis and above stenosed coronary arteries the blood flow becomes turbulent in nature, whereas, the laminar to turbulent transition of blood flow begins from 50% stenosis.
CONCLUSION
In this study, to the best of our knowledge, we have addressed for the first time a multiphase blood flow study using mixture-theory to investigate the WSS and WSS based hemodynamic descriptors in idealized coronary artery for different DOS severities. A hemodynamic model based on mixture theory is utilized to study the transport and interactions of RBCs in the blood plasma. Further, the model was validated with the earlier reported experiments and demonstrated to be more accurate than single phase models. If the stenosis severity is more than 50%, the WSS is very high in stenosis throat and the formation of recirculation zone is higher in post-stenosis region. The plaque rupture risk increases for the DOS above 70% due to very high WSS (> 800 Pa).
It can be concluded that WSS and WSS based hemodynamic indicators were significantly affected by the presence of stenosis and increases with DOS. The values of indicators increase exponentially with DOS above 50% suggesting that the plaque progression rate could be substantially accelerated in the region distal to stenosis for DOS beyond 50%.
This detailed multiphase hemodynamic analysis gives detailed information for deeper understanding of the atherosclerosis formation and plaque progression. Based on the obtained results with the problems studied, we believe that the current multiphase mixture model can be a useful numerical tool for analyzing the blood flow and its transport within the stenosed artery models. Finally, for clinical usage, the average value of OSI must be used in order to represent the risk instead of maximum values of OSI.
